[1] We have determined the elastic and vibrational properties of periclase-structured (Mg 0.65 Fe 0.35 )O ("FP35"), a composition representative of deep mantle "pyrolite" or chondrite-pyroxenite models, from nuclear resonant inelastic x-ray scattering (NRIXS) and x-ray diffraction (XRD) measurements in diamond-anvil cells at 300 K. Combining with in situ XRD measurements, the Debye sound velocity of FP35 was determined from the low-energy region of the partial phonon density of states (DOS) obtained from NRIXS measurements in the pressure range of 70 to 140 GPa. In order to obtain an accurate description of the equation of state (EOS) for FP35, separate XRD measurements were performed up to 126 GPa at 300 K. A new spin crossover EOS was introduced and applied to the full P-V data set, resulting in a zero-pressure volume V 0 = 77.24 AE 0.17 Å 3 , bulk modulus K 0 = 159 AE 8 GPa and its pressure-derivative K′ 0 = 4.12 AE 0.42 for high-spin FP35 and K 0,LS = 72.9 AE 1.3 Å 3 , K 0,LS = 182 AE 17 GPa with K′ 0,LS fixed to 4 for low-spin FP35. The high-spin to low-spin transition occurs at 64 AE 3 GPa. Using the spin crossover EOS and Debye sound velocity, we derived the shear (V S ) and compressional (V P ) velocities for FP35. Comparing our data with previous results on (Mg,Fe)O at similar pressures, we find that the addition of iron decreases both V P and V S , while elevating their ratio (V P /V S ). Small amounts (<10%) of low-spin FP35 mixed with silicates could explain moderate reductions in wave speeds near the core mantle boundary (CMB), while a larger amount of FP35 near the CMB would not allow a large structure to maintain neutral buoyancy. 
Introduction
[2] Knowledge of the sound velocities and density of lower mantle minerals are essential for interpreting seismic complexity in the deep Earth. The Earth's lower mantle accounts for nearly half of the mass and volume of the planet. Iron (Fe) is the most abundant transition metal in the lower mantle, and it is hosted mainly by silicate perovskite, post-perovskite and ferropericlase. The spin-pairing crossover of Fe from the high-spin (HS) to low-spin (LS) state in Fe-poor periclase-structured (Mg,Fe)O, referred to here as "ferropericlase", has been recognized to affect the density and sound velocities of this second most abundant lower mantle phase [e.g., Antonangeli et al., 2011; Badro et al., 2003; Crowhurst et al., 2008; Komabayashi et al., 2010; Lin et al., 2005 Lin et al., , 2006 Marquardt et al., 2009; Speziale et al., 2005; Wentzcovitch et al., 2009; Wu et al., 2009; Zhuravlev et al., 2009 ]. An enhanced Fe content is found to significantly reduce the sound velocities of periclase [Wicks et al., 2010] , which may be a source of ultra-low velocity zones (ULVZs) above the core mantle boundary (CMB) [e.g., Bower et al., 2011; Garnero and Helmberger, 1995; McNamara et al., 2010; Wicks et al., 2010] . High-pressure and high-temperature elastic and vibrational properties of ferropericlase with various Fe contents are thus of significant importance for interpreting seismic complexity in terms of compositional variations [Goncharov et al., 2006; Mattern et al., 2005] and for constructing geodynamic models with suitable candidate phases [Bower et al., , 2011 . However, experimental studies of the sound velocities of ferropericlase have not been fully explored in pressuretemperature-composition space. Ferropericlase may be Fe-rich compared with silicate perovskite and post-perovskite [Fei et al., 1996; Fiquet et al., 2010; Murakami et al., 2005; Sakai et al., 2009; Sinmyo et al., 2008; van Westrenen et al., 2005] . In the lowermost 200 km of the lower mantle, namely the D″ layer, Fe has been shown to enter preferentially into ferropericlase, in comparison with post-perovskite, thus leading to the plausible existence of Fe-rich ferropericlase [e.g., Auzende et al., 2008; Kobayashi, 2005; Sakai et al., 2009] .
[3] Knowing the details of lower mantle mineralogy requires, in part, thermoelastic data for lower mantle constituents at relevant conditions. To date, considerable efforts have been focused on measuring the density and sound velocities of candidate mantle minerals under high-pressure and high-temperature conditions [e.g., Antonangeli et al., 2011; Crowhurst et al., 2008; Jackson et al., 2004 Jackson et al., , 2006 Lin et al., 2006; Mao et al., 2011; Murakami et al., 2009; Murakami and Bass, 2011] . However, only a few measurements exist that probe the sound velocities of minerals under lower mantle conditions. Recent developments in Brillouin spectroscopy and impulsive stimulated light scattering (ISLS) using diamond-anvil cells have enabled measurements of the sound velocities of Earth materials that are transparent or translucent in the visible wavelength regime. Specifically, the aggregate compressional (V P ) and shear (V S ) wave velocities of polycrystalline aluminous MgSiO 3 perovskite have been measured up to 40 GPa [Jackson et al., 2004] and V S of polycrystalline MgO and MgSiO 3 -perovskite and post-perovskite have been determined up to 130, 96, and 172 GPa, respectively [Murakami et al., 2007a [Murakami et al., , 2007b [Murakami et al., , 2009 . Using ISLS, the body wave velocities of (Mg 0.94 Fe 0.06 )O have been determined up to 60 GPa, revealing significant softening over the pressure range from 40 to 60 GPa [Crowhurst et al., 2008] . More Fe-rich compositions are typically opaque to visible light, rendering x-ray scattering methods such as inelastic x-ray scattering (IXS) and nuclear resonant inelastic X-ray scattering (NRIXS) a more suitable tool. It should be noted that the ISLS technique can also be used to determine sound velocities of opaque materials [Crowhurst et al., 2004] . Using NRIXS, the Debye sound velocity (V D ) of (Mg 0.75 Fe 0.25 )O has been determined up to 110 GPa at 300 K [Lin et al., 2006] , indicating lower V P and V S of this ferropericlase compared to MgO. Also using NRIXS, Wicks et al. [2010] found V S of (Mg 0.16 Fe 0.84 )O at 120 GPa to be 50% lower than that of the preliminary reference Earth model (PREM) at the same pressure [Dziewonski and Anderson, 1981] , lending credit to Fe-rich (Mg,Fe)O-bearing ULVZs above the CMB [Bower et al., 2011; Wicks et al., 2010] . Sound velocities of single-crystal (Mg 0.83 Fe 0.17 )O obtained from the measured dispersion curves by IXS [Antonangeli et al., 2011] manifest enhanced shear elastic anisotropy across the spin transition of Fe, which is consistent with Brillouin scattering measurements on single-crystal (Mg 0.9 Fe 0.1 )O up to 69 GPa [Marquardt et al., 2009] .
[4] The amount of Fe contained in the periclase-structured (Mg 0.65 Fe 0.35 )O, referred to as "FP35" hereafter, studied here is within the estimated range for a "pyrolite" lower mantle [e.g., Sinmyo et al., 2008; van Westrenen et al., 2005] and an aluminum-poor chondrite-pyroxenite lower mantle [e.g., Fei et al., 1996; Irifune, 1994] . By comparing the elastic and vibrational properties of this candidate lower mantle component with seismic models such as PREM [Dziewonski and Anderson, 1981] under relevant P-T conditions, one could gain a better understanding of the composition and structure of the Earth's deep mantle. In this study, we measured the 57 Fe-weighted partial phonon density of states (DOS) and volume of FP35 by simultaneous NRIXS and in situ X-ray diffraction (XRD) measurements in panoramic diamond-anvil cells. We present a spin crossover EOS to fit our separate XRD data up to 126 GPa for the same FP35 sample. Using our spin crossover EOS, we derived V P and V S from the V D determined from the lowenergy region of the DOS. .
Experimental Methods
[6] High-pressure NRIXS and XRD experiments were conducted at Beamline 3-ID-B of the Advanced Photon Source (APS) at Argonne National Laboratory, and the storage ring was operated in the top-up mode with 24 bunches that were separated by 153 ns [Sturhahn, 2004] . For these experiments, two panoramic DACs with beveled 250 and 150-mm flat culet diamonds were prepared. The panoramic DACs have a 90 axial opening slot, which was positioned in the downstream direction of the x-rays. A cubic boron nitride backing plate was placed on this end of the DAC to observe XRD of the sample at 14.4125 keV. A sample chamber close to the culet size was drilled out of a pre-indented beryllium gasket with a typical indentation thickness of 40 mm and was filled with a boron epoxy insert to maintain sample thickness at high pressures and reduce the axial pressure gradient [Lin et al., 2003] . The sample, with a typical size of 20-30 mm in diameter and $10 mm thick, was loaded in a hole that was either laser-or mechanically drilled within the boron epoxy insert. Neon was loaded into the sample chamber as the pressure medium for the DAC with 250-mm flat anvils, using the gas loading system at GeoSoilEnviroCARS (Sector 13) at the APS [Rivers et al., 2008] and our gearbox customized for the panoramic diamond-anvil cell. Ruby spheres were used as initial pressure markers. XRD data were collected in situ at Beamline 3-ID-B before and after each set of NRIXS measurements at the same sample position for a given compression point, in order to determine the unit-cell volume. The final reported pressures in this study were assigned using the new spin crossover EOS for FP35 (see Section 3.1), by averaging the volumes of FP35 determined from the in situ XRD measurements. The typical pressure drift during NRIXS measurements was less than 2 GPa at 105 GPa and $4 GPa at 140 GPa.
[7] High-energy-resolution NRIXS spectra were obtained by tuning the x-ray energy around the nuclear transition energy of 57 Fe at 14.4125 keV. Three avalanche photodiode detectors (APDs) were positioned radially around and proximal to the sample in order to collect the incoherent inelastic scattered photons [Sturhahn, 2004] . A fourth APD was positioned downstream in the forward scattering direction and independently measured an average energy resolution of 1.2 meV at the FWHM [Toellner, 2000] . The high-resolution monochromator was tuned around the nuclear resonance energy of 57 Fe with a step size of 0.25 meV and a collection time of 3 to 5 s per energy step. NRIXS spectra were collected at five compression points from 70 to 140 GPa, and the scanned energy range varied depending on the pressure.
[8] Separate XRD measurements of FP35 were performed at Beamline 12.2.2 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, using an incident energy of 30 keV (l = 0.41328 Å). A grain of FP35 from the same bulk sample as used for the NRIXS measurements was loaded in a DAC with beveled 250-mm culet diamond anvils. Rhenium was used for the gasket and the pressure medium was neon. Ruby spheres were used as pressure markers and the ruby fluorescence spectra were of good quality up to the highest pressure (P ruby = 125.8 GPa ). A MAR3450 image plate was used to collect the diffraction images and the FIT2D software was used to integrate the diffraction patterns. Small pressure increments were taken in order to resolve the volume collapse resulting from the spin crossover of Fe in the sample. Due to the large tails of the focused x-ray beam at Beamline 12.2.2, every x-ray pattern contains diffraction peaks from the rhenium gasket. At low pressure, the (200), (311), (220) and (400) reflections are well-resolved. However, at P < 20 GPa, the (111) and (200) reflections of FP35 overlap with the (100) and (101) reflections of rhenium. Despite that, at least 3 reflections from FP35 were used in deriving its lattice parameter as a function of pressure at each compression point. A typical XRD pattern is shown in Figure 1. 
Results

Spin Crossover Equation of State
[9] In some XRD reports on the P-V trend of (Mg,Fe)O, the HS and LS states of B1-structured (Mg,Fe)O have been treated separately by two independent EOS [Fei et al., 2007; Lin et al., 2005] . This approach does not reproduce the behavior in the crossover region (typically around 60 GPa) and introduces uncertainties of elastic parameters based on the particular choice of pressure regions representative of HS and LS states. The crossover region which extends typically between 40 GPa and 80 GPa and in which spin states may co-exist requires a more detailed description. A linearsuperposition approach that combines two Birch-Murnaghan EOS for HS or LS states according to their thermal occupation number has provided a good reproduction of the crossover region in some situations [Crowhurst et al., 2008; Mao et al., 2011] . We will take a similar approach and construct our spin crossover EOS starting with the Helmholtz free energy of the material given by an elastic and a spin contribution
We impose additional constrains by requiring that p = À (∂(F elastic + F HS )/∂V) T and p = À (∂(F elastic + F LS )/∂V) T are Birch-Murnaghan EOS for HS or LS states, respectively, albeit with different parameter sets. Vibrational contributions become important at higher temperatures but may be neglected in the present treatment aimed at describing data taken at room temperature. For the elastic contribution, we choose an expression corresponding to the commonly used third-order Birch-Murnaghan EOS
where the Eulerian strain is given by f = {(V 0 /V ) 2/3 À 1}/2. The three empirical parameters describing the shape of the compression curve are the zero-pressure values of volume, V 0 , bulk modulus, K 0 , and pressure derivative of the bulk modulus, K′ 0 .
[10] The contribution of the 3d electrons of the Fe atoms in a mineral is captured here by a simplified version, neglecting spin-spin interactions, of an expression for F spin introduced earlier [Sturhahn et al., 2005] 
where n is the zero-pressure number density of Fe atoms and b = 1/(k B T ) is the inverse temperature. Each Fe atom can occupy energetically different 3d-electron states described by an index i with energy E i and degeneracy g i . For the occupation probabilities of these states, h i , we assume a "spin equilibrium", i.e.,
The combination of (1), (2), and (3) then provides the EOS via p = À(∂ F/∂ V) T . This EOS has the following material-dependent parameters: energy levels of the 3d-electron states E i , their volume dependence, and their degeneracies g i ; zero-pressure number density of Fe atoms n; zeropressure volume V 0 , bulk modulus K 0 , and bulk modulus derivative K′ 0 for the HS and LS states. Whereas zero-pressure number density of Fe atoms can be determined from composition and zero-pressure volume, values for the energy levels are difficult to obtain. They could, for example, be calculated in a more fundamental theoretical description of the material. In the spirit of a more simple empirical approach, we decided to model the energy levels and their volume dependence with as few parameters as possible. We assume that all energy levels can be expressed as multiples of the difference between crystal field splitting, D, and spin pairing energy, L. For example, the energy of the LS state is given by E LS = a LS (D À L) and at very high pressures F spin = V 0 nE LS . The requirement that the compression curves for HS and LS states are described by BirchMurnaghan EOS constrains the volume dependence of (D À L) according to
where F elastic (HS) and F elastic (LS) are calculated with (2) and parameters specific to HS and LS states. The volume independent parameter w 0 determines the transition pressure (p tr ) as the spin crossover occurs close to D = L.
[11] We applied our spin crossover EOS to describe the P-V relation of FP35. In the calculation of the compression curve, we varied the following set of parameters: HS zero-pressure volume V 0 ; HS zero-pressure bulk modulus K 0 ; HS zeropressure bulk modulus derivative K′ 0 ; LS zero-pressure volume V 0,LS ; LS zero-pressure bulk modulus K 0,LS ; LS zeropressure bulk modulus derivative K′ 0,LS ; transition parameter w 0 . The number of Fe atoms in the unit cell, nV 0 , is determined by the measured composition of our sample.
[12] The symmetry of the Fe site was assumed to be perfectly octahedral which allowed us to use a HS = 0, g HS = 15 for the HS state, a IS = 1, g IS = 18 for the intermediate-spin state, and a LS = 2, g LS = 1 for the LS state. Jahn-Teller distortions which are expected to be present in the environment of HS Fe 2+ would partially lift the degeneracy of the HS state and could be included in our model by using an appropriate spread of values for a HS . For the present data set, this refinement was not required to obtain an excellent fit to the measured compression curve.
[13] The compression data of FP35 measured at 300 K (Table 1) has been fit using the spin crossover EOS as described above. We obtain for the HS zero-pressure volume V 0 = 77.24 AE 0.17 Å 3 , the HS zero-pressure bulk modulus K 0 = 159 AE 8 GPa, and the HS zero-pressure derivative of the bulk modulus K′ 0 = 4.12 AE 0.42, where the uncertainties are reported at the 2s level (Figure 2) . These values are in very good agreement with past reports on the zero-pressure elasticity of (Mg,Fe)O with similar Fe concentrations [Fei et al., 1992 (Figure 2a) . However, even though K′ 0,LS was constrained to 4 in the LS region, one can see the influence of the spin transition region (Figure 2a) .
[14] In an effort to compare with previous investigations that report two different EOS for the HS and LS states, we use our spin EOS formalism to fit end-member HS and LS scenarios that avoid the transition region (Figure 2a) . The resulting parameters with associated uncertainties from our fits (see Figure 2a ) are in good agreement with those reported by Fei et al. [2007] for a similar composition. Specifically, Fei et al. [2007] used powder x-ray diffraction to investigate the P-V behavior of a suite of (Mg,Fe)O samples with variable Fe concentrations, using NaCl as a pressure medium. For their (Mg 0.61 Fe 0.39 )O sample, the composition closest to that investigated here, they report the following parameters from their two separate Birch-Murnaghan EOS (HS: V 0 fixed to 77.48 Å 3 , K 0 = 156 AE 2 GPa, K′ 0 fixed to 4; LS: V 0,LS = 73.6 AE 0.1 Å 3 , K 0,LS = 170 AE 3 GPa, and K′ 0,LS fixed to 4). [15] In the thermodynamic description used here, a single EOS is used to fit all the data through the crossover. Therefore, we also obtain information on the characteristics of the spin crossover in FP35, namely the volume dependence of (D À L) and the transition pressure p tr = 64 AE 3 GPa determined at the 50 % level of the volume collapse across the spin transition. The volume dependence of (D À L) following from (4) is an excellent approximation described by L = 1.82 eV and D = D 0 (V 0 /V)
x with D 0 = 1.45 eV and x = 0.91. At the spin crossover, we observe a volume collapse of 2.1 Å 3 corresponding to 2.7 % of the HS zero-pressure volume and 3.6 % of the volume at the transition pressure. The fit to the FP35 compression data by our spin crossover EOS suggests a The measurements were conducted at beamline 12.2.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory.
b Pressures were determined from fluorescence spectra of small ruby spheres loaded close to the sample in a neon pressure medium . Density is determined by the measured volume and the chemical formula given in section 2, using 95%
57
Fe. d The numbers in parentheses are uncertainties. Pressure: standard deviation of the pressures determined from the ruby fluorescence spectra collected before and after each XRD measurement. Volume: estimated to be $0.5%. Density: error propagation. minimum in the bulk modulus at p tr , exhibiting up to 38 % softening in the bulk modulus.
Sound Velocities
[16] The PHOENIX software (Version 2.0.0) was used to derive the partial phonon DOS of FP35 from the NRIXS spectra by removing the elastic contribution and applying the quasi-harmonic lattice model [Sturhahn, 2000] (Figure 3 ). The Debye sound velocity, V D , was determined from the lowenergy region of the DOS using the psvl module in PHOENIX Sturhahn and Jackson, 2007] and the density from the spin crossover EOS. For an isotropic solid, the seismically relevant aggregate V p and V S can be calculated from the following two equations 3/V [Sturhahn and Jackson, 2007] , where K S is the adiabatic bulk modulus and r is the density. K S can be approximated by the isothermal bulk modulus K T , because K S = K T (1 + agT ) and agT < 0.01 at room temperature. The values for K T from the spin crossover EOS of FP35 were used to derive V P and V S (see Figure 2b) . The determined seismically relevant velocities V P and V S from 70 to 140 GPa at 300 K are shown in Figure 4 and Table 2 . The shear modulus, G, can be calculated from rV S 2 = G. It is important to note that V S is typically more constrained than V P , because V S is less dependent on the choice of EOS [Sturhahn and Jackson, 2007] . As we report the complete P-V EOS and determine the volume of the sample in situ, the density and hence, G and V P of FP35 are also well constrained in this study.
[17] It is also important to note that for crystals with cubic symmetry, as is the case for FP35, the phonon DOS is isotropic. The NRIXS method directly provides the Fouriertransformed self-intermediate scattering function, S(k, E ). The dependence of S(k, E ) on the direction of the incident x-rays has been discussed previously [Sturhahn and Kohn, 1999] and is expressed via the directional dependence of the phonon DOS. The potential anisotropy of the phonon DOS should not be confused with the elastic anisotropy: the description of the former is given by a symmetric second-rank tensor [e.g., Sturhahn and Kohn, 1999; Sturhahn and Jackson, 2007] , whereas the latter requires a symmetric fourth-rank tensor. Therefore, in crystals with cubic symmetry, the phonon DOS is isotropic, even though the elastic anisotropy could be large [Antonangeli et al., 2011; Marquardt et al., 2009] . [18] Based on the EOS for FP35 presented here, the spin crossover for FP35 occurs at p tr = 64 AE 3 GPa. The steep slope in the pressure-trend of V P for FP35 at 70 GPa can be explained by the fact that FP35 is in the vicinity of a spin crossover (see Figure 4) . We see that V P for (Mg 0.75 Fe 0.25 )O (FP25) [Lin et al., 2006] and FP35 are lower than that for MgO [Murakami et al., 2009] . However, V P for (Mg 0.83 Fe 0.17 )O (FP17) at 70 GPa is higher than that for MgO [Antonangeli et al., 2011] . It's not clear yet if this is a compositional effect, as few studies have been conducted at these pressures. At P > 70 GPa, V P and V S of FP25 and FP35 increase at different rates. At 100 GPa, increasing Fe content in the lattice of (Mg,Fe)O lowers the V S by 19% and 27% for FP25 and FP35, respectively, compared to MgO (see Figure 4) .
Discussion
[19] The FP35 sample investigated here is thought to be representative of ferropericlase in equilibrium with an Alpoor silicate perovskite containing 10 mol% Fe at conditions near the top of the lower mantle, based on partitioning experiments using a multianvil apparatus [Fei et al., 1991; Irifune, 1994] . However, with increasing pressure and temperature, the partitioning behavior of Fe into ferropericlase coexisting with Al-bearing and Al-free perovskite has been shown to increase [Fei et al., 1996; Fiquet et al., 2010; Murakami et al., 2005; Sinmyo et al., 2008; Sakai et al., 2009; van Westrenen et al., 2005] . In the lowermost 200 km of the lower mantle, Fe has also been shown to enter preferentially into ferropericlase, compared with perovskite and postperovskite [e.g. Auzende et al., 2008; Kobayashi, 2005; Sakai et al., 2009] . Therefore, FP35 may exist in lower mantle assemblages with variable Al concentrations. One can see that due to FP35's large V S and V P reductions compared to PREM, the amount of FP35 throughout the deeper sections of the lower mantle would have to be very small. The exact amount is not possible to assess, because there is still insufficient data on how P-T affects V S and V P for FP35 and other candidate petrologic assemblages in the deep mantle.
[20] It is possible to use our new data to speculate on how the presence of FP35 in distinct regions of the deep mantle would affect seismic observations and geodynamic models. Large low shear velocity provinces (LLSVPs) are arguably the largest discrete structures in the mantle. Seismic and mineral physics data suggest LLSVPs are thermochemically distinct from the surrounding material [e.g., Dziewonski et al., 2010; Helmberger and Ni, 2005; Sun et al., 2009 Sun et al., , 2010 Wang and Wen, 2007] and geodynamic models suggest plausible scenarios for their formation [e.g., Garnero and McNamara, 2008; McNamara and Zhong, 2004; Schubert et al., 2004; Tan and Gurnis, 2005] . For example, given observed variations of dV S and dV P within the African LLSVP, and if the density anomaly at a given temperature is equal or greater than ambient, then K S must be larger than that of ambient mantle to maintain neutral buoyancy [e.g., Gurnis, 2005, 2007] . The presence of FP35 would enhance the density of the structure and at the pressures of the CMB region, LS FP35 at 300 K has a similar bulk modulus as PREM. However, temperature is likely to reduce the bulk modulus of FP35 at CMB conditions. Therefore, based on our data for the bulk and shear elastic properties of FP35 and the dynamic scenarios in Gurnis [2005, 2007] , an enhanced content of FP35, or any Fe-rich (Mg,Fe)O, would likely not allow a large structure to maintain neutral buoyancy.
[21] The V P /V S of FP35 at 140 GPa and 300 K is $2.03 (AE0.06), which is higher than that reported for PREM and silicates, but at the lower end of reported values for ULVZ terrains [Thorne and Garnero, 2004] (see Figure 5 ). For example, if FP35 were used to explain some of the extreme shear wave reductions in ULVZs (À30% V S ) [e.g., Garnero and Helmberger, 1995; McNamara et al., 2010] , then this would require approximately a 50-50 mixture of FP35 and silicates. Such a large proportion of FP35 would suggest an extremely different chemistry for ULVZs than the surrounding mantle. This situation appears highly unlikely. Further, the corresponding reduction in V P would be about À20%, which has been observed in some regions, but is not common [e.g. Bower et al., 2011] . However, small amounts ($10%) of FP35 mixed with silicates at the CMB could explain moderate reductions in wave speeds and approximately +0.5% increase in density compared with PREM. The small, but positive, difference in density compared to ambient mantle would likely lead to dynamic structures that are triangular in shape and involve some entrainments [e.g., Bower et al., 2011] .
Conclusions
[22] A new spin crossover EOS has been presented to describe the P-V relation for FP35 through the HS-LS crossover. In the calculation of the single compression curve, we varied the zero-pressure volume, bulk modulus and its pressure derivative of the HS and LS states, and the transition parameter. We combined this spin crossover EOS with the measured partial phonon DOS and in situ XRD measurements of FP35 to derive V S and V P for LS FP35. Based on our measurements, we conclude that the presence of LS FP35 is unlikely to explain the seismic and dynamic features of LLSVPs. In regions of extreme shear wave speed reductions (À30% V S ) near the CMB, the terrain would have to contain $50% FP35. This amount of FP35 is unlikely and would have a high buoyancy number, producing features that are essentially flat on top of the CMB [Bower et al., 2011] . However, small amounts of FP35 (<10%) mixed with silicates could explain moderate reductions in wave speeds near the CMB. Figure 5 . The ratio of VP to VS for (Mg,Fe)O at 300 K compared with PREM, ULVZs, theoretical calculations for MgSiO 3 and MgO at 3000 K [Wentzcovitch et al., 2010] .
